combination at the surface of the cell, possibly forming hexosephosphate in an adsorbed state (Sacks, 1948) . Rothstein & Meier (1948) have shown that intact yeast cells have the property of splitting a number of phosphates, and they consider that the enzymes responsible are located on the cell surface rather than in the interior. This, and Sacks's conclusions, suggest that attention has to be paid to the possibility of reactions in an adsorbed layer, rather than in the interior of the cell.
Before radioactive phosphorus was available Eggleton (1933) , by first soaking muscles in solutions containing known phosphate concentrations, and then either analysing the muscles or the solutions, found that the proportion of the muscle water into which phosphate penetrated was 0-24, which, taking the muscle as 80 % water, is 0-19 by volume of the whole muscle. This agrees well with the fractional extracellular volume found in other ways, e.g. by radioactive sodium in the experiments of Harris & Burn (1949) . Eggleton concluded that the penetration of phosphate into the cells was negligible, even after 24 hr. Hahn, Hevesy & Rebbe (1939) used radioactive phosphate for experiments made in vivo, and found that the uptake of the s2P exceeded that expected for the extracellular spaces, so they supposed that penetration of the cells had taken place. Later work by Hevesy and his collaborators (1940) showed that radioactive phosphorus appeared both in the inorganic and the organic phosphate fractions which could be extracted from the cells.
The reason for working in vitro. The kinetics of phosphate absorption has not been investigated in vitro, and since the uptake commonly measured has hitherto been from a varying concentration of labelled phosphate in plasma following an injection, this phosphate could well have included much organically bound labelled phosphate at the end of the experimental period. Govaerts (1948) has found that freshly injected labelled phosphate does not resemble the circulating phosphate of blood; evidently any difference in state of combination interferes with a quantitative study of the uptake in terms of blood inorganic phosphate. To avoid a variable concentration of inorganic labelled phosphate in the blood stream and the possibility of interference by organically bound labelled phosphate formed during the experiment one can use isolated muscles in vitro. In this case the transfer from the medium to the cells has to take place through the extra cellular spaces, and it is important to use thin muscles (Harris & Burn, 1949) . This consideration does not arise in vivo because of the capillaries.
The removal of phosphate in extracellukar fluid.
When it is desired to measure the quantity of labelled phosphate which has become incorporated in a specimen following exposure to a solution containing labelled phosphate (denoted by *P) it is necessary to distinguish that part of the *P present in the extra cellular space from that part associated with the cells. For this purpose Kalckar, Dehlinger & Mehler (1944) , before making analyses, perfused the muscles taken from rabbits which had been previously injected with *P, whilst Furchgott & Shorr (1943) , in a study of absorption of *P by cat heart slices, washed the specimens for 30 min. before analysis. The washing or perfusion procedure certainly leads to a constant residual quantity of *P, but clearly it would be possible for any readily removable cellular phosphate to be taken out along with the extracellular phosphate. This would only be made apparent if the extracellular volume were known, and the quantity of readily removable phosphate was compared with the quantity calculated from the *P in the mediuim and the extracellular space. In Furchgott & Shorr's material the 176 PHOSPHATE AND FROG MUSCLE calculated extracellular space was about 25 %, which is said (Wood, 1948) to agree with the value found in other ways, in which case it is fair to conclude that no readily removable cellular fraction was present in or on the cells. Manery & Bale (1941) injected a solution containing *P into rats, and after 20 min. dissected out the gastrocnemii. The *P uptake corresponded to that expected in 12-14% extracellular space, which is a reasonable value; it appears that under these conditions little uptake by the cells had occurred, which is surprising in the light of experiments we have made. These show *P attached to the cells (P1. 1C) followingthe injection of *P into a rat. The frog muscles used in the present study took up a considerable excess of *P over the amount calculated for the extracellular space, knowing the concentration of *P in the medium. Some of the excess was comparatively readily lost to a solution free from *P, but a considerable part was firmly held in some way by the muscle.
The points to be elucidated include the questions (a) how is the amount of *P held related to the concentration in the medium; (b) where is the *P held; and (c) in what form is the *P held?
EXPERIMENTAL
For most experiments frog sartorii were used, as they can be easily dissected free from other tissue without damaging the fibres.
The treatment of the radioactive phosphate will be described later. For a 'soaking-in' experiment, that is one in which the uptake of *P from a solution was to be followed, the muscle was immersed in a solution containing 32p combined as phosphate together with a known concentration of non-radioactive phosphate, made by adding 0-lmsphosphate to the usual concentrations of NaCl and KCl found in frog Ringer solution. Ca was sometimes omitted from the media in order to avoid precipitation of calcium phosphate. There was a considerable spontaneous twitching set up inmuscles insome of these media. At suitable intervals the muscle was removed, washed for 15 sec. in a solution free from *P and placed on a clean glass cover slip at a suitable distance beneath a Geiger counter for assay of the radioactivity. This treatment removes a certain fraction of the extracellular *P, and the quantity is imperfectly reproduced at successive counts, but when the total uptake exceeds that corresponding to the extracellular *P the error is not serious. It was not possible to make use of a frame for maintaining the muscle in a standard position because the adsorption of radioactive phosphate on to the frame proves so troublesome.
For soaking-out experiments, in which a muscle which had previously been made radioactive was treated with an inactive solution, a frame could be used, but it was advantageous to prevent adsorption from the muscle on to the frame during the first 15 min. of soaking-out by the temporary interposition of a thin polythene sheet between frame and muscle; this sheet was removed after 15 min. by which time little *P moved from the muscle on to the adjacent solid.
Biochem. 1951, 49 At the end of the experiment the muscle was treated in either of two ways. Alternatively it was dissolved in a few drops of acid, and a sample of the solution used for comparison of the radioactivity with that of the radioactive solution used for the treatment of the muscle, or the muscle was frozen in solid C02, pulverized, and extracted with icecold 5% (w/v) aqueous trichloroacetic acid in order to analyse for phospho-compounds. This was carried out by adding magnesium ammonium chloride and ammonia, to precipitatethe inorganic phosphate, followed bythe addition of acid and ammonium molybdate to the supernatant liquid. After standing for 1 hr. in order to hydrolyse phosphocreatine, the liquid was again made alkaline to precipitate the phosphate derived from phosphocreatine, and the supernatant liquid was again made acid and boiled for 7 min. in order to obtain a precipitate of ammonium phosphomolybdate derived from what will be called the pyrophosphate fraction. The debris from the muscle after trichloroacetic acid extraction was also dissolved in HNO3 for assay of radioactivity and analysis for phosphate. The phosphate content of the various fractions was estimated colorimetrically using the Fiske-Subbarow method, with amidol reducer; and the radioactivities were assayed using the liquid counter.
RESULTS
The radioactive phosphate. Before starting the earlier experiments the solution of radioactive phosphate was mixed with a small amount of orthophosphate and the mixture boiled with the addition of a little nitric acid, such that the concentration of nitric acid was initially 5-10%. A trace of this mixture was added to Ringer solution and the phosphate concentration made up to the desired value with orthophosphate. The solution was then used to treat a muscle.
It was sometimes found that the uptake of radioactivity by the muscle was as much as ten times the usual, and the time course of the uptake was most erratic. Strong adsorption of the radioactivity on to the glassware was noticeable, even in the presence of high concentrations (up to 0-1M) of ordinary phosphate. This suggested that part of the radioactivity might be in a form different chemically from orthophosphate. The suppliers of the radioactive phosphate have in fact agreed that some 3 % of the 32P might have been so combined. Fig. 1 , curves A and B, illustrates the uptake of 32p from solutions containing radioactive phosphate which had been acid boiled, and made up with Ringer solution so that a concentration of 200 pg. P as phosphate per ml. was present.
The uptake has been expressed as the ratio of radioactivity per g. ofmuscle to radioactivity per ml. solution; the extracellular spaces alone, if nothing was lost in the 15 sec. wash, would give a ratio of 0-13-0-2, this range being based on work with radioactive sodium (Harris & Bum, 1949) . Clearly the uptake of 32P is much greater than corresponds to extracellular solution. On changing to a non-radioactive solution there was a rapid loss of activity for a short time, but the ratio remained high even after an hour of washing, indicating that much 3'P had become firmly attached to the muscle. The quantity of phosphate so attached could be calculated from the relation between the radioactivity of the soaking medium and the chemical concentration of phosphate, and it proved to be very much in excess of that expected if penetration of the muscle cells was involved. When, however, the solution of radioactive phosphorus, mixed with sufficient P to give finally 60 or 200 pg./ml., was evaporated to dryness with nitric acid and taken up in Ringer solution the results obtained were different, the uptake and loss being exemplifiedby curves C7, D and E. There seems no doubt then that boiling with rather dilute nitric acid is insufficient to ensure that all the 8P is converted to orthophosphate, though evaporation to dryness with the acid does appear to be more effective. with the preparation containing 8p, and also the loss of activity when the specimen was transferred (indicated by arrow) to a non-radioactive solution. A, uptake from 82p which had been boiled with acid, the solution contained 200,ug. P/ml. as orthophosphate. B, as A. C, uptake from 32p which had been evaporated to dryness with acid. Ringer solution. The uptake by muscles from the first two was as much as, or more than, that from the 200 pg. P/ml. orthophosphate, but the two latter led to a smaller uptake than the others (Fig. 1 , curves F and G). Finally, a mixture of 66 pg. P/ml. each of orthophosphate, hexametaphosphate and triphosphate was tried (curve H) and the behaviour of the muscle in this resembled that in the acid evaporated 32P+ orthophosphate solution (curves C, D and E). This suggests that the sites on to which is adsorbed the unknown S2P compound, present in the solution which has only been acid boiled, can be saturated by complex phosphates.
The evaporation to dryness with acid of the 32P solution evidently removes part, or all, of the interfering compounds, but a reliable method of treatment and testing has yet to be evolved. Possibly an ion-exchange resin, previously saturated with orthophosphate, will prove to be the best agent for treating the "2P solution, for the interfering compounds are readily adsorbed.
The site at which the radioactive phosphate i8 held. The ready adsorbability on all surfaces of the radioactive phosphorus compounds made it desirable to see whether phosphate was adsorbed on muscle too. Radioautographs showed that this was so. This in itself would not be of fundamental biological importance if it were attributable only to traces of radioactive impurities in the "P preparation, except in so far as it may apply to other researches employing 3P. However, use ofa a2p solution which has been evaporated to dryness with acid also leads to the same result.
Radioautographs of muscles prepared either by soaking to constant radioactivity in a solution contamiing '9P or by injection of s"P into the frog, followed by a wash of 15 min. in a plain solution to remove extracellular 32p, reveal the presence of a surface layer containing 32p. The muscles were either fixed (P1. 1C, D) and cut in wax, or frozen (P1. 1A, B) in solid carbon dioxide and cut on a freezing microtome, in which case the sections were pressed on to a slide with filter paper, and exposed to formaldehyde vapour for 20 min. Kodak stripping film was floated on to the sections and dried. In this manner a close approximation of film and section was obtained. The film was developed after 14 days' exposure, giving an autograph in contact with the original section. The section was then lightly stained with eosin, and the whole preparation photographed.
The black granules of silver in the parts made sensitive to reduction by the f-particles of the "2P
can be seen at the edges of the fibres. In the frozen sections the cutting necessarily caused damage to the fibres, and distortion, but the concentration of radioactive phosphorus at the edges is maintained despite the mechanical disturbance. Fig. 2a by subtraction of the fixed *P from the total *P.
rat muscle, taken after injection of 32p into the live rat has been included to illustrate the generality of the behaviour. Study of the radioautographs led to the conclusion that the majority of the radioactive phosphorus remaining after 15 min. washing is held at the cell surfaces, though there is evidence that the nuclei, which make up a very small proportion of the total volume, also contain it.
The uptake and 1088 of phosphate. The more informative experiments were made by soaking the specimens in a solution containing 83P and phosphate, for a given time, and then following the loss of activity to a plain solution. The curves (, D, E in Fig. 1 indicate the time scale of both processes. After 0-5-2 hr. uptake ceases, presumably because the formation of an adsorbed layer is complete. Fig. 2a the part of the radioactivity which is lost corresponds well with that expected for the 32P in the extracellular spaces, and by subtracting the residual activity from the activity at various times, a new curve (Fig. 2b) can be constructed, which may be presumed to correspond to the diffusion of extracellular phosphate into the medium. The extracellular space estimated from the amount of rapidly 12-2 lost phosphate was 0-20 ± 0'05 (mean of 26) of the muscle volume. The diffusion of phosphate ions proceeded somewhat more slowly than that of sodium ions. The method of calculation of extracellular space and ofthe effective diffusion constant has been described previously (Harris & Burn, 1949) .
Curves like those of Fig. 3 are more equivocal, for it becomes difficult to distinguish extracellular phosphate from that derived from the cells. By projecting the part of the curve, B-C, to meet the axis at A, and taking differences as before, one arrives at the lower curve of Fig. 3 , from which, just as from Fig. 2b , the extracellular space, and the diffusion constant of the phosphate ion can be evaluated. In some experiments no separation was possible. It is not at all unreasonable that a part of the adsorbed phosphate should be readily lost, and so liable to be confused with extracellular phosphate. This, if it takes place, gives an erroneously high value for the extracellular space in experiments in which all the rapidly lost phosphate is attributed to extracellular material. The slow rate at which phosphate eventually leavea the cells (as little as 10 % loss overnight) is remarkable, but is paralleled by the slow loss of 32P from erythrocytes which allows them to be used in the estimation of blood volume.
An attempt was made to study the amount of phosphate taken up by the muscle cells as a function of treatment, but the results were very scattered. There are a number ofreasons why this should be so, amongst them being the doubt about the complete removal oftraces ofreadily adsorbed 82p compounds, and the variation of mean specific surface of the specimens. The effect of the trace compounds upon the manner in which the radioactivity becomes distributed between the various phosphate compounds was studied by comparing the analyses of muscles B and E, Fig. 1 : B was treated with solution containing 32P which had only been boiled with acid, whereas E was treated with a solution which had been evaporated to dryness with acid. Table 1 shows that the additional 82p which B acquired remained attachedtothetrichloroaceticacid-insolublefraction. Table 2 shows the results ofanalyses ofa number of muscles which had been soaked in mixtures of the 32P and phosphate, with Ringer solution. The pH was 7-4 and the temperature 180. Before analysis the specimens had been washed in an inactive solution having a low phosphate concentration until their residual radioactivity was substantially constant. Unfortunately these experiments were made using 32p which had only been acid boiled so the debris results may be too high in some cases. high phosphate concentrations, possibly as a result of the spontaneous mechanical activity usually set up in these media, presumably because of calcium precipitation; (c) the degree of exchange or attachment of the labelled phosphate is not increased proportionately to the increase in the concentration of phosphate in the medium.
The effect of variations of the conditions upon the uptake. By using two sartorii taken from one frog it is possible to make a comparison between the uptakes of labelled phosphate from different media, or from the same media at different temperatures.
Experiments made in 0-IM-potassium phosphate and 0-lM-sodium phosphate failed to show any difference in behaviour, although the muscles are depolarized in the former medium. Comparison of uptake at 00 with that at 180 also failed to show any difference, the only factor which gave a fairly consistent effect was the pH (Table 3) , when this was controlled byvariation ofthe proportion ofmono-and di-basic phosphates added to the Ringer solution. Experiments with labelled hexosephosphates. Some runs were made using labelled glucose-i-and glucose-6-phosphates, the phosphorus being labelled with 32p. The same general procedure was followed. As the specific activities of the compounds were low a precise measure of the uptake of labelled phosphorus from them was not obtained, but the fact that it was small was of significance. A mixture of isotonic hexosephosphate (1 vol.) with Ringer solution (4 vol.) was used to soak the muscles, and the loss of the radioactivity to ordinary Ringer solution was then observed.
The results given by glucose-l-phosphate indicated an extracellular space of 0-2 by volume, and a diffusion constant for the glucose phosphate not very different from that of inorganic phosphate. The uptake by the cells was of the same order as that from inorganic phosphate, and the soaking-out curve resembled Fig. 2a , that is there was no fraction interfering with the extracellular part.
Glucose-6-phosphate, which was kindly prepared by Mr J. H. Ottaway of the Biochemistry Department, also furnished a similar value for the extracellular space and diffusion constant, but it differed in that a part of the labelled phosphate left the muscle with a time constant of about 2 hr. On account of the low activity it is not possible to say whether there was any residual fraction. The result suggests that glucose-6-phosphate may be adsorbed on the cells in a way similar to the readily lost substance present when the curves like Fig. 3 are obtained.
DISCUSSION
The radioautographs indicate that the major part of the labelled phosphate taken up by muscle either in vivo, or in vitro, is present on the cell surface. It must be kept in mind that the part of the phosphate which is involved in the uptake from the solution is only about 1 % of the total phosphate of the muscle.
It is misleading to express the results of phosphate uptake in terms of permeability. Much of the labelled phosphate cannot be removed by exposure to Ringer solution and when the muscle is subjected to the usual analytical procedure the labelled phosphorus appears in the various fractions, that is to say, the surface complex must be capable of yielding a variety of products when treated with trichloroacetic acid. A part of the labelled phosphate remains attached to the debris after extraction, and it was shown by ether-ethanol extraction that it was not present as phospholipin, so it must be held on to the protein or combined as nucleic acid. Marschak & Calvet (1949) noted that as much as a half of the radioactive phosphorus taken up by their rabbitliver slices remained attached to the acid-insoluble debris, so it appears to be a general property of proteins to retain a proportion of phosphate even after acid extraction. The presence of trace compounds in the 32P solution may account at least in part for anomalies ofthis sort. Kamen & Spiegelman (1948) have discussed at some length the variation in the degree of extraction with extractant, and the specific activity obtained by serial extraction of phosphate derived from yeast cells previously treated with radioactive media. The difference noted by Govaerts (1948) Handler & Cohn (1951) . The bulk of the inorganic phosphate derived from the muscle cells is usually considered to be an artifact formed from some labile compounds during the extraction (Kamen & Spiegelman, 1948; Baldwin, 1947) . Our results, with the radioautographs, indicate that a proportion of all the fractions is derived from a layer near the surface, and it is unlikely that the various compounds are present there in an entirely free state; it is more probable that a complex phosphoprotein is their source, and that this complex is only partly broken down by trichloroacetic acid, or other denaturants.
The fact that more phosphate is adsorbed from less acid media than from more acid media (Table 3) agrees with the common experience that phosphate is more adsorbed on to any surface such as glass, from such solutions. The absence of a detectable temperature effect is surprising, for a chemical reaction evidently proceeds leading to the formation of a complex capable of furnishing organic phosphocompounds on treatment with a denaturant. Since the autographs indicate that the major part of the labelled phosphate is situated on the surface of the muscles, earlier work on phosphate uptake has to be interpreted in this light, rather than on the assumption found that equilibration with the internal components of the cell has taken place.
Our results show that more attention must be paid to the conversion of all the 32p of radioactive phosphate samples into orthophosphate before their application in metabolic studies. It is to be emphasized that the complete adsorption by a small muscle of all the trace compound present in a considerable volume of surrounding fluid can give rise to an enormous error if the radioactivity is used as a measure of the orthophosphate present. Suppose a solution with 100 ,ug. phosphate P, and 1 &c./ml. be used, and that 0-01 ,uc./ml. be associated with a trace compound. Then the complete adsorption by a muscle of the trace compound present in, say, 100 ml. solution, a volume often employed in these experiments, will give the specimen an activity corresponding to an apparent uptake of 100 j.g. phosphate. SUMMARY 1. The chemical nature of a part of the radioactive phosphate commonly used in tracer experiments is called into question. It appears that evaporation to dryness with acid reduces interference by strongly adsorbable trace compounds.
2. Experiments were made to measure the uptake by frog sartorii of phosphate from solution, and radio-autographs were prepared of specimens which had been washed free from adhering solution. The latter showed that the radioactivity was confined to a layer near the surface of the fibres.
3. The additional activity introduced when trace compounds were in the solution appeared in the trichloroacetic acid-insoluble fraction when analysis was attempted.
4. When muscles prepared by soaking in 32p solution were transferred to a non-radioactive solution, a part of the activity was rapidly lost, this is attributed to extracellular 32p. The behaviour of the residual radioactivity was variable; in certain cases it was all retained by the muscle whereas in others some was lost over a period of 1-2 hr., which made the estimation of the extracellular space difficult and subject to error.
5. Analysis of the specimens after soaking in a radioactive phosphate medium showed the presence ofisotopically distinguishedphosphate in the organic compounds as well as in inorganic and trichloroacetic acid insoluble fractions.
6. The fact that the radioactive phosphorus, shown by the autographs to be on or near the cell surfaces, appears in the organic P fractions is taken as evidence for the phosphorus being held as a complex compound on, and in, the protein. In a previous paper (Cecil, 1950) it was suggested that the differences in reactivity between oxidized and reduced glutathione (G2S2 and GSH) on the one hand, and cystine and cysteine on the other, could be explained by hydrogen bonding between the sulphur and the glutamyl-NH' of the glutathione. If this explanation is correct then any substance which competes with the sulphur, by itself forming hydrogen bonds with the glutamyl-NH', should tend to reduce this difference in reactivity. Crystalline urea forms intermolecular N-H-O bonds (Wyckoff & Corey, 1934; Pauling, 1940) and it is likely that this also obtains to some extent in solution, particularly at high concentrations. It is therefore to be expected that urea will form hydrogen bonds with the glutamyl-NH+ of G2S2 and so tend to make it behave like cystine.
It was shown by Cecil (1950) that the hydrolytic fission reaction of disulphides with an excess of silver nitrate can be used as a measure of comparative disulphide reactivity. The reaction, which may be represented by the following equations:
2RSSR + 2H20 -s2RSH + 2RSOH, (1) 2RSOH =RSH + RSO2H, (2) 3RSH + 3Ag+-+3RSAg + 3H+,
was followed by estimating the remaining free silver ion by potentiometric titration against potassium bromide. Three different types of reaction kinetics were described and arbitrarily classified as types 1, II and III. The type I reactions are unimolecular with respect to disulphide, (1) being the limiting process. Type II reactions are not unimolecular, suggesting that the dismutation (2) is the limiting process. Type III reactions occur at low pH and differ from I and II in that they do not go to completion. Under the conditions chosen for this work G2S2 gives a type I reaction, and cystine a much slower type II reaction. This paper describes the effect of urea on these reactions.
EXPERIMENTAL Reaction condition8
The apparatus and methods used were described in the previous paper (Cecil, 1950) . The reactions were carried out in the dark at 37 in the range pH 7 0-7-6. oc-Picoline, 0-02M, was used as the buffer, the acid component being either cystine or GAS. The concentrations of G2S2 and cystine were approximately 2 x 10-4M, and that of the AgNO8. 10-3M.
When high urea concentrations (4-9M) were used the reactions were carried out in 10 ml. Pyrex standard flasks. The urea was added as solid and the other reagents in solution. At lower urea concentrations Pyrex boiling tubes were used as previously.
Purification of reagents
LTrea. This was twice recrystallized from hot ethanol. The ethanol used was first refluxed over Zn and NaOH, to remove chloride and peroxides, and redistilled. The halide content was always less than 1 part of C1-in 108, measured as described by Cecil (1950) . oc-Pscoline. The sample used in the previous work gave no reaction with AgNO3. In the presence of urea, however, a slow reaction took place involving an appreciable Ag uptake. This was shown to be due to an impurity in the picoline, which was removed by refluxing over Ag2O for 2 hr. and redistilling. The fraction boiling at 128-1300 was used.
G2S2 and cy8tine. The samples described in the previous paper (Cecil, 1950) were used.
Stability of 8olution8
Dilute standard solutions are always liable to error because of adsorption on glass. In sunny weather particularly, AgNO8 solutions were found to lose 3-4 % oftheir Ag content during the day, which reappeared in solution overnight. The use of coloured bottles reduced, but did not eliminate, this effect. As a precaution the G28S2 and cystine solutions were
